INTRODUCTION
In previous investigations, supported ruthenium and gold catalysts have been extensively characterized and tested in several hydrogen and oxygen transfer reactions (Z-9) . From all the accumulated data, it could be concluded that the supported gold catalysts deviated markedly from known bulk properties of gold and behaved in an exceptional manner, especially when oxygen-bearing molecules were involved in the reaction. Gold, supported on magnesia, for instance, was two orders of magnitude more active in the oxygen transfer between CO and CO2 (8, /U) than supported ruthenium and gave the same turnover number as silica-supported platinum. In an infrared study of CO adsorption on Au/MgO, the CO band maximum was shifted to a significantly lower wavenumber in comparison to the band position on Au/SiO, or Au films (7).
It was suggested that the observed phenomena could be related to an interaction between gold and the support. Additional ' To whom correspondence should be addressed. * Permanent address: Istituto Donegani, Novara, Italy.
3 Deceased on April 1, 1978. evidence for this interaction came from an extended X-ray absorption fine structure spectroscopy (EXAFS) study which indicated the presence of a bond between gold and support oxygen (.?, 5, 8) .
Information about the oxygen bond strength, the mobility of solid-phase oxygen, and presence of nonuniformities on a surface can be obtained by measuring the kinetics of the isotopic exchange of molecular oxygen (11, 14) . In the present work, this reaction is applied to supported gold and ruthenium catalysts in order to learn more about the role of oxygen in these catalytic systems and to get more insight into the nature of the above-mentioned metal-support interaction. Theoretical and experimental aspects of the isotopic oxygen exchange reaction as a technique for the study and characterization of supported catalysts have been discussed previously (15) .
In the past, the isotopic exchange reaction of molecular oxygen was mainly studied on metal oxides. Considerably less data are available for unsupported metals, such as Pt, Pd, Ni, and Ag, in the form of powders, films, or wires. The pertinent literature has been reviewed by Boreskov (II, 16) Novakova (17) , and Ozaki (18) . SCHWANK, GALVAGNO. AND PARRAVANO In the presence of an appropriate catalyst, molecular oxygen enriched with the isotope '*O can undergo two main reactions: The first reaction is a redistribution of the isotopic molecular forms with mass 32, 34, and 36, respectively, in the gas phase. The overall concentration of labeled oxygen in the gas phase remains constant. This reaction is called "homogeneous exchange": 3303 + 3603 = 2 340,.
(
The second main reaction, called "heterogeneous exchange," involves oxygen from the solid phase. In the rate-determining step, either one or two oxygen atoms from the solid phase can participate:
3602 + 160, = 160'80 + lq), (2) e.g.,
3603
+ 2 '60 s = 3202 + 2 '80 S. (3) The homogeneous exchange reaction and the two types of heterogeneous exchange can occur simultaneously. Experimentally, the changes in the gas-phase concentrations of the molecular oxygen species with different masses are measured. The literature offers detailed mathematical treatments of the kinetic data (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (19) (20) (21) (22) . Under favorable circumstances, it is possible to calculate the rates of the different exchange mechanisms separately.
EXPERIMENTAL Materials
Reagent-grade SiO, (400 m2/g, Carlo Erba), MgO (12 m'/g, Carlo Erba), and Si02 (650 m'/g, Davison 951 N) were used as support materials. Reagent-grade precursor compounds (Rudi Pont and Carlo Erba RPE) were used throughout for catalyst preparation by impregnation or cationic exchange. The preparative procedures and the metal contents are summarized in Table 1 . The characterization included particle size determination by chemisorption, wide-angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS), and transmission electron microscopy (TEM). In the case of chemisorption, the particle size was calculated by assuming the following stoichiometries: Ru/H = l/l, Ru/O = l/2, and Au/O = 2/l. The details of the particle size determination have been previously reported (5, 6, 8) . A summary of the pertinent results is given in Table 2 . Additional characterizations were obtained by extended X-ray absorption fine structure spectroscopy (EXAFS), X-ray photoelectron spectroscopy (XPS), diffuse reflectance spectroscopy (8), and infrared spectroscopy (7).
The equilibrium mixture of isotopic oxygen with mass 32, 34, and 36, respectively, and with a concentration of '*O equal to 53.2 1% was supplied by Miles Laboratories. A nonequilibrated mixture was obtained by diluting the original equilibrium gas with ultrahigh-purity normal oxygen in a ratio of approximately 1 : 1. The la0 content of the nonequilibrated mixture was 23.73 at%. The dead volume of the reactor loop was measured by using ultrahigh-purity helium. Ultrahigh-purity hydrogen or oxygen, used for the catalyst pretreatment, were passed through cold traps filled with liquid nitrogen or dry ice/acetone, respectively.
Apparatus
The exchange reactions were carried out in an external recycle reactor made of Pyrex glass. The reactor, with a volume of about 3 ml, could be heated up to 450°C. The temperature was controlled by a thermocouple and an on-off temperature controller (West, Model J). The temperature was kept constant within +l"C during an exchange run. A preheater section preceded the reactor inlet, and a cold trap, filled with dry ice/acetone, was placed downstream from the reactor outlet. The gas was circulated in the reactor loop by means of a magnetically driven piston pump. The pump contained a Teflon-coated glass piston filled with iron filings. The total dead volume of the reactor loop including the recirculation pump was about 50 ml. For sampling, a small amount of gas was enclosed in a capillary with a volume of about 0.2 ml, and expanded into a sample bottle. The sample bottle was then transferred to an isotope ratio mass spectrometer and the gas analyzed for the isotopic oxygen species 3202, 3402, 3602, and, as a leak test, 28N2. An error of about ?I% was estimated. In a typical exchange run, the sample withdrawals from the reactor loop caused only a small, negligible pressure drop in the reactor loop. The reactor loop was connected to a Pyrex-glass vacuum system via high-vacuum stopcocks, lubricated by a silicone lubricant (Dow Corning High Vacuum Grease). A mercury diffusion pump backed up by a rotary pump evacuated the system. The gases used for pretreatment and reaction were stored in Pyrex-glass bulbs with break-off seals and high-vacuum stopcocks. For mixing of gases and pressure adjustment, a Toepler pump was used. Pressures were measured by two mercury-filled U-tube manometers, a McLeod manometer with a range of lo-*-lO-'j Torr and a Televac thermocouple gauge. The isotopic oxygen mixtures were introduced into the reactor loop after passing through a dry ice/acetone trap. Procedure A weighed sample of the catalyst (about 0.5 g) with a mesh size betwen 30 and 100 mesh was placed in the reactor. Glass wool plugs above and below the sample prevented blow over of catalyst powder by the recirculating gas. All catalysts were pretreated in situ using the following initial standard procedure:
a. evacuation at room temperature (RT) to a pressure of 10- After this initial procedure, the catalysts were treated prior to each individual run according to the type of reaction studied, namely, homogeneous or heterogeneous exchange.
For the heterogeneous exchange, an equilibrium mixture of isotopic oxygen was used and the uptake of '*O by the solid phase was studied. The pretreatment prior to each exchange run consisted of 1-hr evacuation, I-hr exposure to 100 Torr normal oxygen, and 1-hr evacuation at reaction temperature.
To study the homogeneous exchange (or heterophase equilibration) a net uptake of I80 by the solid phase had to be suppressed. Therefore, the catalysts were enriched to the same 180 content as the nonequilibrated isotopic oxygen mixture (23.73% leO). This was accomplished by exposing the catalysts at reaction temperature to several batches of nonequilibrium mixture until no further uptake of .180 by the solid phase could be observed. In between different homogeneous exchange runs on the same sample, no further treatment was required than simply a removal of the gas phase from the previous run.
After this pretreatment procedure, the reactor loop was connected for 1 min to the gas inlet lines, filled with either equilibrium or nonequilibrium oxygen mixture, to allow for a pressure equilibration. Then, the reactor loop was closed and the recirculation pump started. This marked the starting point for the exchange reaction.
As a test for the reactivity of the reactor loop, a nonequilibrium isotopic oxygen mixture was circulated for 30 hr at a reactor temperature of 450°C. No detectable change in the gas-phase composition occurred. This agrees with Shakhashiri and Gordon's findings that Vycor glass is inactive for oxygen exchange up to 700°C (22).
Mass transfer limitations in the gas phase were tested at different pump recycle rates. A recycle rate of 0.5 liter/min was sufficient to guarantee a complete mixing of the gas phase in less than 1 min. This was proven by filling one part of the reactor loop with oxygen and the other part with nitrogen. After opening the stopcocks between the two segments, the recycle pump was started. Samples withdrawn from the loop after 1 min showed the same gas-phase composition as samples withdrawn after 20 min.
Mass transfer limitations within the catalyst pellets were tested by using various pellet sizes. The exchange rate remained constant for mesh sizes between 30 and 200 mesh.
RESULTS AND DISCUSSION
The rate of reaction (1) has been calculated by using the following equation:
R is expressed in molecules per A, . second, Ng represents the number of oxygen molecules in the gas phase, A, represents the number of metal atoms on the surface of the catalyst, and t is the time. Cs40, Cs4, and C& denote the fraction of oxygen molecules with mass 34 in the gas phase at the beginning of the reaction, at time t, and at the final equilibrium, respectively. The derivation of Eq. (4) is based on the following assumptions: (a) the kinetic isotope effect is negligible, (b) mass transfer limitations in the gas phase are absent, (c) the reaction system is closed and the amounts of gas withdrawn for sampling are considered negligible, and (d) the exchange reaction is the rate-determining step; the reaction mixture is in adsorption-desorption equilibrium with the catalyst.
Equation (4) is valid only when cr, the concentration of '*O in the gas phase, does not change with time. This condition is of the rates at the various parts of the fulfilled when solid-phase oxygen does not nonuniform surface (13). The limitations of participate in the exchange reaction. How-this approximation were discussed previever, when oxygen from the solid is in-ously (21). volved in the reaction, the condition da/dt
The rates of the heterogeneous exchange = 0 can be maintained by enriching the on ruthenium, supported on SiOZ and on catalyst with '*O up to a value equal to that MgO, were measured in the temperature of the gas phase. This type of homogeneous range of 200-350°C at a total oxygen presexchange has been called "heterophase sure of 16 Torr (1 Torr = 133.3 N me2) . In equilibration' ' ( 17).
all cases the IsO content in the gas phase, (Y, For the heterogeneous exchange, no at-and the concentrations of molecular oxygen tempt was made to calculate separately the with mass 34 and mass 36 decreased with rates of reactions (2) and (3). The overall time, while the concentration of oxygen rate, R', was determined, according to the with mass 32 increased. At time t = 0, the mathematical treatment described by Mu-molecular forms of isotopic oxygen in the zykantov and Panov (13), by using the gas phase were in equilibrium: (1) and (2) . If reaction (3) accuracy can be achieved by calculating was completely absent, no change in the (da/dt)O using the expression: value of K should be observed (14, 17) . Figure 1 shows a typical plot of In H (2)" = (a0 -y) (%TO, versus time. The value of y used for this (6) graph is the experimentally found final equilibrium concentration of la0 in the gas where
When the solid-phase oxygen is equivalently exchangeable, the function of (Y versus time obeys an exponential law, and y is the final equilibrium concentration of la0 in the gas phase. For nonequivalently exchangeable oxygen, y represents a linearizing parameter which allows to fit the initial part of the kinetic curve ((w versus phase. The deviation from the straight line shows that the solid-phase oxygen is not equivalently exchangeable and/or that the diffusion of solid-phase oxygen is slow in comparison to the exchange. Therefore, the above-mentioned linearizing procedure was applied in the calculation of the initial rates. Figure 2 shows the temperature dependence of these initial heterogeneous exchange rates. Activation energies of 12.6 (23) and 14.8 (?3) kcal/mol (1 kcal = 4.18 x IO3 J) were determined for Ru/SiO, and Ru/MgO, respectively.
Previdus investigations had shown difference in reactivity and selectivity toward hydrogen transfer reactions between Ru/MgO and Ru/SiO, (9). It was suggested that particle size and/or a support effect were responsible for the observed behavior. The oxygen exchange experiments, however, did not indicate any significant difference between Ru/MgO and Ru/SiO,. The lack of sensitivity of the exchange reaction toward particle size and support effects could be related to the large oxygen affinity of ruthenium. In fact, the pretreatment used in this study is likely to lead to the formation of ruthenium oxides with the same level of oxidation, irrespective of the support. Therefore, a comparison with "reduced" ruthenium seems not justified. The homogeneous exchange or heterophase equilibration (reaction (1)) was studied after enriching the ruthenium catalysts with '*O to a value of 23.73% equal to the gas-phase concentration of the nonequilibrated mixture. This pretreatment prevents a net uptake of la0 by the solid and allows to measure the redistribution of labeled oxygen in the gas phase. The temperature dependence of reaction (1) was studied in the temperature range of 180-28O"C, at a total oxygen pressure of 16 Torr. A linear relationship between In ((C$ -C340)/(C3*4 -C,,)) and time was found in all cases. Therefore, Eq. (4) could be used to calculate the rate of reaction (1) .
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The corresponding Arrhenius plot is presented in Fig. 3 . The activation energy was found to be 22.9 (*3) kcal/mole for 0, Ru/MgO; A, Ru/SiO*. 
was close to unity for both catalysts. The rate of reaction (1) was significantly higher than the heterogeneous rate. Therefore, reaction (1) can be considered as the main reaction contributing to the oxygen exchange on the ruthenium catalysts.
The hypothesis that the exchange reactions observed on the supported ruthenium catalysts occur actually on ruthenium oxide -4 sites is supported by a comparison with -3 literature data. Winter (12) found on RuOz In H (BET surface area 1.06 m2/g) that the ho- catalysts agree very well with the value 333°C; 0, 314°C. found on RuOz, the rate of reaction (I), extrapolated to 3Oo"C, deviates by one or-ity indicates that the solid-phase oxygen der of magnitude. On Ru/SiO,, a rate of 4.5 participating in the exchange is equivalent. x lOI molecules set-' cm-2 (Ru) was de-This equivalence can be found either on a termined, and on Ru/MgO a rate of 4.2 x uniform surface or on a nonuniform one, 1Ol3 molecules set-* crnm2 (Ru). A surface provided that fast processes (as, for examarea of 9 A* was assumed per ruthenium ple diffusion) level out the label concentraatom. The difference between Winter's rate tion at all surface centers (13, 21). Figure 5 on RuO, and the rates on the supported shows the temperature dependence of the ruthenium catalysts could be due to the heterogeneous exchange at 16 Torr for questionable direct comparison of a BET Au/MgO and at 22 Torr for Au/SiO*. Actisurface area of RuO, to the ruthenium vation energies of 36 (5 3) kcal/mole and 40 metal surface area. Furthermore, Winter (23) kcal/mole were found for Au/MgO evacuated the normal oxygen used in the and Au/SiO,, respectively. The rates expretreatment of the RuO* sample for only 3 pressed per Au surface atom were more min before the isotopic oxygen was admit-than one order of magnitude higher on ted. This pretreatment could be insufficient Au/MgO than on Au/Siq. Furthermore, to remove adsorbed oxygen completely on the Au/MgO sample, the rate did not from the surface and spurious exchange change with the pressure, while on reactions with residual oxygen seem to be Au/SiOz an order of reaction of 0.65 was possible.
determined by using expression (9). While unsupported gold was found to be To study the homogeneous exchange inactive for the isotopic oxygen exchange (reaction (l)), the same enrichment proceup to a temperature of 400°C (23, 24), the dure as used for the ruthenium catalysts occurrence of isotopic oxygen exchange on was attempted. However, an amount of supported gold catalysts could easily be labeled oxygen about five times higher than detected. The heterogeneous exchange on that needed for the ruthenium samples was Au/SiO* and Au/MgO was studied in a insufficient to bring the I80 surface compotemperature range of 314-370°C and in a sition of the gold samples to the value of pressure range of 13-63 Torr. The plot of In 23.73%, which is the 180 concentration of H versus time gave on both catalysts a the nonequilibrated mixture used for the straight line, using in Eq. (6) a value of y homogeneous exchange reactions. equal to the final equilibrium concentration
The difference in IHO uptake between of '"0 in the gas phase. The graph for Ru/MgO and Au/MgO can be visualized by Au/MgO is presented in Fig. 4 . This linear-comparing the time dependence of (Y in the heterogeneous exchange (Fig. 6) . On ruthenium, a rapid initial decrease of (Y is followed by a leveling off of the uptake. On gold, where the initial uptake is slower, a much higher amount of 180 is consumed by the solid phase. The same behavior was found on the SiO,-supported samples.
The amount of exchangeable oxygen, E, was estimated by using the expression:
where (Y* is the 180 concentration in the gas phase at the final equilibrium with the solid phase, and W is the weight of the catalyst in grams.
In Table 3 , the values of E are listed for the ruthenium and gold samples. For Au/SiOz, only an estimated lower limit is reported. After 65 hr, the gas phase was still not in equilibrium with the Au/SiO, sample and further uptake of 180 occurred. The experimental value of cy at t = 65 hr was used in Eq. (10) instead of the equilibrium value (Y*. Let us now compare the amount of exchangeable oxygen, E, with the number of total metal atoms (Table 3 ). On ruthenium, the ratio between E and the number of ruthenium metal atoms is close to unity. Therefore, from a stoichiometrical point of view, the exchangeable oxygen can be located on ruthenium, probably in the form of ruthenium oxides. However, since the ratio between E and the number of ruthenium surface atoms is about 12 for Ru/MgO and 2.5 for Ru/SiO*, more than just one metal surface layer has to be involved in the exchange, at least on Ru/MgO.
On gold, on the other hand, the ratio between E and the total number of gold atoms in the catalyst is about 14 for Au/MgO and larger than 4 for Au/SiO,. This rules out that oxygen linked only to gold is responsible for the exchange. Furthermore, gold oxides, such as AhO or A&OS, would be extremely unstable under the experimental conditions (25, 26). Therefore, it must be concluded that support oxygen participated in the exchange reaction. Additional proof that labeled OXYgen was incorporated into the solid phase of the supported gold catalysts was obtained by performing "back-exchange" experiments. After exposing the gold catalysts to the isotopic equilibrium mixture of oxygen at 350°C and observing the decrease in gasphase lx0 concentration, the reactor was evacuated overnight (P < lop6 Torr) at a temperature of 350°C. Then, normal oxygen with the natural abundance of '"0 (0.2%) was admitted. The gas-phase concentration of lsO increased with time and the labeled oxygen consumed in the uptake reaction could be recovered.
The support materials alone were practically inactive for the isotopic oxygen exchange reaction under the experimental conditions used in the present study. On SiO*, no uptake of lx0 was detected over a period of 90 hr at 350°C. This agrees with literature data, where SiOZ was found to be inactive for the exchange reaction up to 600°C (12). MgO showed no uptake of '"0 over a period of 21 hr at 280°C. At 35o"C, a small uptake was observed which corresponded to less than 2% of the uptake found on Au/MgO under the same experimental conditions.
The EXAFS data on Au/MgO showed the presence of an Au-O bond, indicating an interaction between gold and the support, even after reduction in HZ at 400°C (3, 8) . A formation of Au-0-Mg structures resulting in a weaker bond between magnesium and oxygen could be responsible for the higher mobility of oxygen in the Au/MgO system. However, this straightforward interpretation seems not to hold.for Au/SiO,. There, the EXAFS experiments did not give any evidence of a corresponding Au-0-Si structure. Nevertheless, the exchange reaction demonstrated that the oxygen is mobilized even in the SiO, by the interaction with gold. The much lower rate of oxygen exchange on Au/SiO, points toward a weaker metal-support interaction which could be below the detection limit of the EXAFS technique. Of course, it cannot be excluded that on Au/SiO, an interaction of different nature takes place.
It can be ruled out that the high exchange activity of the supported gold catalysts is caused by impurities carried along from the reagent-grade precursor salts used in the catalyst preparation. The surface of the catalysts was analyzed by X-ray photoelectron spectroscopy (8). Only in the case of the ruthenium catalysts was a contamination by chlorine found. No chlorine was found by XPS in the Au/MgO Catalyst, even before reduction. Small amounts of metallic impurities in the order of magnitude of 0.1% which can be found in reagentgrade precursor salts can certainly not account for the massive oxygen uptake by the supported gold catalysts. This becomes evident in view of the amount of exchangeable oxygen which is one order of magnitude larger than the total number of gold atoms present in the catalyst (Table 3) .
CONCLUSIONS
The results of this study have demonstrated that the isotopic exchange reaction of oxygen can provide useful information not only on metal oxides and unsupported metals but also on supported metal catalysts. The kinetics of the exchange reaction on silica-and magnesia-supported ruthenium were similar to the results found on RuO, (12). It seems probable that the active centers for the exchange reaction on the supported ruthenium catalysts correspond to those on RuO,. In view of the experimental conditions and the large oxygen affinity of ruthenium, a formation of ruthenium oxides is likely. The amount of exchangeable oxygen suggested the contribution of more than one surface layer of ruthenium or ruthenium oxide, respectively, to the heterogeneous exchange reaction. The kinetics of the heterogeneous exchange on supported ruthenium deviated from an exponential law. This deviation is a SCHWANK, GALVAGNO, AND PARRAVANO criterion for nonequivalently exchangeable oxygen, caused by the presence of nonuniformities on the surface and/or contribution of diffusion. No significant difference between Ru/MgO and Ru/Si02 could be found. In the case of supported gold, however, the support seemed to play a crucial role in the oxygen exchange reaction. A massive uptake of '*O by the solid phase was observed. The heterogeneous exchange reaction obeyed an exponential law, indicating that the solid-phase oxygen was equivalently exchangeable. The striking activity of the supported gold catalysts for the oxygen exchange reaction is in marked contrast to the inactivity of unsupported gold and the support materials alone and gives further evidence for the previously postulated interaction between gold and support (I-8).
